Do housekeeping genes, which are turned on most of the time in almost every tissue, evolve more slowly than genes that are turned on only at specific developmental times or tissues? Recent large-scale gene expression studies enable us to have a better definition of housekeeping genes and to address the above question in detail. In this study, we examined 1,581 human-mouse orthologous gene pairs for their patterns of sequence evolution, contrasting housekeeping genes with tissue-specific genes. Our results show that, in comparison to tissue-specific genes, housekeeping genes on average evolve more slowly and are under stronger selective constraints as reflected by significantly smaller values of Ka/Ks. Besides stronger purifying selection, we explored several other factors that can possibly slow down nonsynonymous rates in housekeeping genes. Although mutational bias might slightly slow the nonsynonymous rates in housekeeping genes, it is unlikely to be the major cause of the rate difference between the two types of genes. The codon usage pattern of housekeeping genes does not seem to differ from that of tissue-specific genes. Moreover, contrary to the old textbook concept, we found that ;74% of the housekeeping genes in our study belong to multigene families, not significantly different from that of the tissue-specific genes (;70%). Therefore, the stronger selective constraints on housekeeping genes are not due to a lower degree of genetic redundancy.
Introduction
Housekeeping genes are genes that are always expressed in every tissue to maintain cellular functions (Watson et al. 1965) . A vague, less strict definition, however, has been used in many studies (Butte, Dzau, and Glueck 2001; Duhig et al. 1998; Kagawa and Ohta 1990; Lercher, Urrutia, and Hurst 2002) . For example, Lercher et al. (2002) analyzed serial analysis of gene expression (SAGE) data for 14 tissues in human and found that housekeeping genes tend to cluster on chromosomes. They defined ''housekeeping genes'' as genes having SAGE tags in 9 tissues of the total 14 tissues for the SAGE data, or expressed sequence tag (EST) presence in 19 tissues of the 60 tissues for the compiled EST data.
Recent large-scale gene expression studies have made it possible to examine the expression patterns of many genes at different developmental times and tissues and thus enable a more concrete description of housekeeping genes in the genomic scale. A proposed working concept of housekeeping genes has been ''those genes critical to the activities that must be carried out for successful completion of the cell cycle'' (Warrington et al. 2000) . Several recent studies attempted to identify housekeeping genes genome-wide from a number of tissues and developmental stages. For example, Warrington et al. (2000) examined the expression levels of ;7,000 genes in 11 different human adult and fetal tissues using high-density oligonucleotide arrays, and identified 535 housekeeping genes that are turned on early in fetal development and stay on throughout adulthood in all tissues. Similarly, Hsiao et al. (2001) analyzed the expression pattern of 7,070 genes in 59 tissue samples representing 19 human tissue types, and identified 451 housekeeping genes, as expressed in all 19 tissues, among which 358 genes were also found in Warrington et al. (2000) . Both studies show that housekeeping genes are not necessarily expressed at the same level across all tissues; rather, each tissue seems to have a specific expression profile of housekeeping genes. Furthermore, housekeeping genes are not necessarily the most highly expressed genes in all tissues. It is evident that the old concept and views are insufficient to reflect the nature of housekeeping genes. To better understand the role they play in the genome, more studies need to be conducted on the function, expression, and evolutionary patterns of these genes.
To date, few attempts have been made to examine how housekeeping genes evolve in general and how different they are from tissue-specific genes. A few studies have shown that broadly expressed genes tend to evolve more slowly than narrowly expressed genes (Duret and Mouchiroud 2000; Hastings 1996; Hughes and Hughes 1995) . In the present study, taking advantage of the recent large-scale studies for identifying housekeeping genes, we addressed the issue of rate evolution in housekeeping genes. We used genes from Hsiao et al. (2001) , because it has a larger sample of tissues than that of Warrington et al. (2000) , and all data can be easily obtained from the associated Web site dedicated to an inventory of housekeeping genes. Furthermore, both studies share a majority of the housekeeping genes.
Materials and Methods
The data were downloaded from the Web site http:// www.hugeindex.org/. The initial data set included 1,980 genes, with 451 housekeeping genes and 1,529 tissuespecific genes from brain, kidney, muscle, prostate, lung, liver, and vulva. We performed a BlastP search against the mouse National Center for Biotechnology Information (NCBI) RefSeq database. The best hits from mouse were used as orthologs to the human query sequences, and orthology was further verified by checking our data set with HOVERGEN (Duret, Mouchiroud, and Gouy 1994) . The final data set for the subsequent analyses contains 1,927 genes in total, with 412 housekeeping genes and 1,515 tissue-specific genes.
All protein sequences were aligned using ClustalW with the default parameters, and back-translated to their corresponding DNA sequences. The alignments were then visually inspected and modified when necessary. The number of substitutions per nonsynonymous site and the number of substitutions per synonymous site, denoted as Ka and Ks, respectively, were calculated using the maximum likelihood method implemented in the PAML package (Yang 1997) . We excluded genes with Ks .1, leaving a data set of 1,581 genes in total for our final analyses (table 1) .
For all measures of distances, including Ka, Ks and Ka/ Ks, the Wilcoxon rank sum non-parametric test (Wilcoxon 1945 ) was applied to the pairwise comparison between each set of tissue-specific genes and housekeeping genes.
The effective number of codons (ENC), a measurement of codon usage bias that ranges from 20 to 61 (Wright 1990) , was calculated for all genes. A gene with ENC equal to 20 uses only one type of codon for each synonymous codon set, and thus it shows the strongest codon usage bias, whereas a gene with ENC equal to 61 indicates no synonymous codon usage preference.
The conventional view on housekeeping genes has been that they are low-copy-number genes in the genome. If the notion holds, one can also attribute the slower nonsynonymous rate to less genetic redundancy in housekeeping genes. To examine this issue, we used gene families that have been compiled in the ENSEMBL database to determine the copy numbers for genes used in our study. Genes with more than one member in each species were grouped into multiple-copied gene families.
Results and Discussion
Rate Differences Between Housekeeping Genes and Tissue-Specific Genes
The average evolutionary rates of all genes are shown in table 2. Compared with tissue-specific genes (mean Ka ¼ 0.083), housekeeping genes have on average lower nonsynonymous rates (mean Ka ¼ 0.046; P , 0.001) and exhibit a smaller degree of variation. The synonymous rates are also lower in housekeeping genes (mean Ks ¼ 0.447 vs. mean Ks ¼ 0.492 for tissue-specific genes; P value , 0.001), but to a lesser degree ( fig. 1) .
The results shown here are comparable with those reported by Hastings (1994) , who found that for 14 of 15 studied gene families, broadly expressed isoforms evolve slower than narrowly expressed isoforms. Duret and Mouchiroud (2000) found that genes that have ESTs presented in 16 tissues evolve more slowly in nonsynonymous sites than genes that have ESTs presented in 3 tissues. If classification of housekeeping genes is mainly based on the number of tissues in which genes are expressed, it is expected that the previous and current studies are consistent.
Possible Causes for Rate Differences
Why do housekeeping genes evolve more slowly in general than tissue-specific genes? To answer this question, we examined several factors that might affect evolutionary rates. First, the higher nonsynonymous substitution rates in tissue-specific genes could be due to higher mutation rates. However, this explanation is unlikely because if higher mutation rates are the main reason, we expect to see much higher synonymous substitution rates in tissue-specific genes than in housekeeping genes. The average synonymous rate in tissuespecific genes does not exhibit the same magnitude of increase as the average nonsynonymous substitution rate (10% increase vs. 100% increase), suggesting that mutation rate differences are not the main cause for the nonsynonymous rate difference.
Second, housekeeping genes might be under stronger selective constraints than tissue-specific genes. To compare selective constraints on these two types of genes, we calculated the Ka/Ks of these genes because Ka/Ks has commonly been used as an indicator of selective constraint. The average Ka/Ks for housekeeping genes is 0.093, whereas it increases more than twofold for lungspecific genes (mean Ka/Ks ¼ 0.259) and liver-specific genes (mean Ka/Ks ¼ 0.233). The Wilcoxon rank sum test shows that the average Ka/Ks is statistically higher for each of the different types of tissue-specific genes, except for prostate-specific genes, and for the pooled tissuespecific genes (table 3), indicating that, on average, tissuespecific genes are under weaker selective constraints than housekeeping genes. It is hard to know, however, to what extent selective constraint contributes to the rate difference, although previous studies have attributed the rate difference between broadly and narrowly expressed genes to be due solely to selective constraint differences (Duret and Mouchiroud 2000; Hastings 1996) . 
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Selective constraint differences could arise from differences in gene function and expression. As housekeeping genes play a key role in the maintenance of most cells, strong purifying selection acts to preserve their normal function, whereas for tissue-specific genes, which are expressed in few tissues, the impact of a deleterious mutation is less than that of housekeeping genes. However, apart from this, could stronger selective constraints also be due to a lower degree of genetic redundancy in housekeeping genes than in tissue-specific genes? We used the copy number as a rough estimate of genetic redundancy to examine this issue. Two observations are notable: First, the percentages of genes belonging to multigene families are similar across all seven sets of tissue-specific genes (table 4), suggesting that different types of tissues harbor equivalent amounts of genetic redundancy estimated by gene copy number. Second, ;74% and ;70% of the housekeeping genes have 2 copies in the human and mouse genomes, respectively, and the average percentage of multigene families in tissuespecific genes is ;70% and ;69% in the human and mouse genomes, respectively. The chi-square tests show that the proportions of multigene families are not significantly different between housekeeping and tissuespecific genes (v 2 ¼ 2.13, df ¼ 1, P ¼ 0.79 in human;
. Therefore, our results show that, contrary to the traditional view, housekeeping genes harbor an amount of genetic redundancy similar to that of tissue-specific genes in the genome, and their greater selective constraint does not seem to be due to lower genetic redundancy.
To examine whether differences in selective constraints have any effect on codon usage, we calculated the ENC values for all genes studied. The average ENCs are (table 2) . Therefore, even though housekeeping genes are ubiquitously expressed, they do not show stronger codon usage bias. Together with the observation that housekeeping genes are not necessarily the highly expressed genes in a specific tissue (Hsiao et al. 2001; Warrington et al. 2000) , our result suggests that a gene's expression level is a more important factor than expression breadth in determining the gene's codon usage preference. Although it is not clear how many housekeeping genes are needed for the normal function of an organism, the evolution of this subset of genes does provide us a glance at the evolution of these important genes. More studies are needed to better characterize housekeeping genes. For example, how to define housekeeping genes in terms of their function and expression? How are housekeeping genes organized in the genome? Is there a minimum number of housekeeping genes for the normal function of cells, and if there is, does this number vary with the complexity of the organism? Finally, how different are housekeeping genes from tissue-specific genes in expressional, functional, and evolutionary perspective?
